Focal alterations of the callosal area III in primary lateral sclerosis: an MRI planimetry and texture analysis, NeuroImage: Clinical (2020), doi: https://doi.Highlights  The regional pattern of cerebral alterations in PLS includes the area III of the CC.  Callosal alterations of the texture parameters entropy and homogeneity were shown in PLS.  Texture and macrostructure of the callosal area III is targeted as a neuroimaging marker in PLS.
Introduction
Involvement of the corpus callosum (CC) can be regarded as a consistent feature of motor neuron disease (MND), independent of clinical upper motor neuron involvement, and may reflect bilateral cortical involvement or interhemispheric spread of pathology (Filippini et al., 2010) . Callosal involvement during the course of amyotrophic lateral sclerosis (ALS) has been demonstrated in several studies (Filippini et al., 2010; Müller et al., 2012; Müller et al., 2016) . This finding is primarily based on diffusion tensor imaging (DTI) studies with fractional anisotropy (FA) reduction or radial diffusivity (RD) increase in the corpus callosum, extending rostrally and bilaterally to the region of the primary motor cortices (Kassubek et al., 2012) . The decrease in CC white matter integrity in patients with MND has been localized to motor-related areas (Chapman et al., 2014) , corresponding to segment III according to Hofer and Frahm who parcellated the corpus callosum by introducing vertical subdivisions with respect to the outcome of the fiber tractography as a modification of the Witelson scheme (Hofer & Frahm, 2006; Witelson 1989) . Beyond these results by advanced neuroimaging sensitive to microstructural changes, also routine structural MRI in MND can demonstrate high T2 signal or callosal atrophy at individual level, especially in motor related areas (Riad et al., 2011; Osborn et al., 2016) .
Although visual inspection of the motor segment in individual patients in routine MRI suggests local atrophy, macro-structural imaging studies showed conflicting results with studies reporting local atrophy of this region on the one hand (Yamauchi et al., 1995) and studies reporting no gross size differences of the CC compared to controls on the other hand (Chapman et al., 2012) . Therefore, in the current study, the focus is set to an MND with a comparatively long disease duration where hypothetically structural alterations could take place during the long lasting course of the disease:
Primary lateral sclerosis (PLS) is considered to be a motor neuron disease (MND) which almost exclusively affects upper motor neurons (UMN) (Singer et al., 2007; Wais et al., 2017) as one of the restricted phenotypes of ALS (Ludolph et al., 2015) . ALS and PLS share advanced neuroimaging features including WM alterations as assessed by DTI (Agosta et al., 2014) , and PLS patients were also investigated by tract-of-interest-based DTI, demonstrating significant alterations in the ALS-related tract systems (Müller et al., 2018A, Müller et al., 2018B) . ALS and PLS patients exhibit also further brain alterations, such as considerable brainstem atrophy (Bede et al., 2019) . Given that PLS mainly affects the UMN and that patients are generally more prone to be investigated by MRI in later disease due to the longer disease durations compared to ´classical´ ALS, changes in the corpus callosum by DTI measures have been addressed in several studies (Kolind et al., 2013; Agosta et al., 2014 ), but regional atrophy (of the segment III) as assessed by volumetric techniques has not been systematically investigated yet.
In the current study, involvement of the CC in PLS was investigated with the aim to identify a potential imaging marker, based on standard T1-weighted (T1w) MRI recordings, in order to challenge previous findings by an objective parametrization.
Methods

Subjects and patient characteristics
Sixty-seven PLS patients were included who met the proposed diagnostic criteria for PLS (Pringle et al., 1992; Gordon et al., 2006; Singer et al., 2007) . All PLS patients underwent standardized clinical and neurological examinations: to be eligible, subjects had to meet the following criteria: no family history of MND, no clinical diagnosis of frontotemporal dementia (FTD), age at onset > 40 years, no mutations of major genes related to hereditary spastic paraparesis if investigated, no other major systemic, psychiatric or neurological illnesses, no history of substance abuse; further mandatory criteria for inclusion were negative tests for multiple sclerosis and for central nervous system infections, and routine MRI scans excluded any brain or cervical cord abnormalities suggesting a different etiology of the clinical symptoms. All subjects gave written informed consent for the study protocol according to institutional guidelines which had been approved by the Ethics Committee of Ulm University, Germany (No. 19/12 
MRI acquisition
MRI scanning was performed on a 1.5 Tesla Magnetom Symphony (Siemens Medical, Erlangen, Germany); the study protocol consisted of a T1w scan (magnetization-prepared rapid gradient-echo -MPRAGE) with 144 slices, 256x256 pixels, slice thickness 1.2 mm, pixel size 1.0 mm x 1.0 mm); the echo time (TE) and repetition time (TR) were 4.2 ms and 1640 ms, respectively.
Out of the 67 patients with PLS, 40 patients additionally obtained a diffusion tensor imaging (DTI) scan (Müller et al., 2018B) . DTI study protocol A (13 PLS patients) consisted of 13 volumes (45 slices, 128x128 pixels, slice thickness 2.2 mm, pixel size 1.5 mm x 1.5 mm) representing 12 gradient directions (b = 800 s/mm 2 ), and one scan with gradient 0 (b=0). The echo time (TE) and repetition time (TR) were 93 ms and 8000 ms, respectively. Five scans were averaged online by the scanner software in image space. DTI study protocol B (27 PLS patients) consisted of 52 volumes (64 slices, 128x128 pixels, slice thickness 2.8 mm, pixel size 2.0 mm x 2.0 mm), representing 48 gradient directions (b = 1000 s/mm 2 ), and four scans with b=0. TE and TR were 95 ms and 8000 ms. For details of the DTI analysis cascade, please refer to (Müller et al., 2018B) .
Data analysis
The pre-and postprocessing was performed by use of the analysis software Tensor Imaging and Fiber Tracking (TIFT -Müller et al., 2007) which was initially developed for DTI analysis and now has been extended by a new package for CC texture analysis. The automated analysis procedure included the following main processing steps:
(i) isometric and affine alignment to the anterior commissure/posterior commissure line, (ii) adjustment of intensity threshold to automatically segment the CC, (iii) subdivision of the CC into areas I-V according to the Hofer and Frahm scheme (Hofer & Frahm, 2006) , (iv) calculation of area sizes and texture parameters entropy, homogeneity, kurtosis, and skewness, (v) statistical comparison at the group level.
Isometric and affine alignment of T1w data to the AC/PC line
Alignment of T1w data was performed iteratively: in a first step, AC and PC were manually defined in 100 data sets of healthy controls and a T1w template was created by arithmetic averaging of all data sets ( Figure 1A) . In a second step, T1w data of all study participants were fit to the T1w template by a conjugated simplex fitting procedure (Figure 1B) .
Adjustment of intensity threshold to automatically segment the midsagittal CC plane
In order to automatically segment the CC, the following procedure was applied: the intensity threshold was varied from 100% to 0% of maximum intensity and the area size of the midsagittal CC plane was calculated. Starting with an area size of 0 mm 2 at threshold 100%, the size of the midsagittal plane remains at 0 mm 2 during the initial decrease of the intensity threshold until a "step" occurs (see Figure   1C ) and the CC plane size shows a plateau; the intensity threshold for CC segmentation was then defined as this "step"-threshold minus 3% in order to obtain stability of the results ( Figure 1C ). Figure 1 shows the reproducibility of this procedure in two T1w scans of the same control subject, recorded at a time interval of 6 months.
Supplementary
Subdivision of the CC into areas I-V
According to the Hofer and Frahm scheme (Hofer & Frahm, 2006 ) based on the scheme by Witelson (Witelson 1989) , the segmented CC was subdivided into areas I -V. To this end, the CC was split into areas I, II and areas III-V at the half of the total length of the CC. One third of the anterior half is defined as area 1, the remaining 2/3 of the anterior half is area II; 1/3 of the posterior half is defined as area III, the remaining posterior part is divided by 1/3 for area IV and 2/3 to area V.
Calculation of area sizes and texture parameters
Area sizes were calculated by counting the voxels of the segmented area. In order to obtain increased stability of the results, the areas were calculated in the three central sagittal slices and the arithmetic average was calculated. In order to account for individual CC sizes, CC areas I -V were then calculated as percent of total CC size. The intensity values for the segmented CC were z-normalized to µ=0 and =1. Texture alterations in PLS and ALS patients have already been detected by DTI metrics (especially fractional anisotropy -FA) for the corticospinal tract, the CC, and further brain areas. The loss of fiber integrity as indicated by FA reduction has been shown in a DTI-based study in ALS patients (Chapman et al., 2014) . These microstructural alterations could hypothetically also be reflected by textural changes in morphological T1w scans. A loss of fiber integrity could lead to a more inhomogeneous distribution of voxel intensity values in the respective brain areas. To assess these features, texture parameters (Stockman and Shapiro, 2001 ) that measure the intensity distribution could be used; entropy, skewness, and kurtosis measure the global distribution of intensity values in a certain area, whereas the homogeneity measures the intensity alterations in the direct vicinity of a voxel. Thus, a loss of fiber tract integrity could lead to a wider range of intensity distribution, and also to a more inhomogeneous pattern in the respective brain areas. These features could be assessed by the following texture parameters:
The entropy M(x) is defined as the average amount of information produced by a stochastic source of data. It is a measure of randomness of gray level distribution; structures with larger number of grey levels have larger entropy
where I is the pixel intensity and P the probability of a pixel with intensity I.
The skewness S(x) is a measure of asymmetry of data around sample mean:
The kurtosis K(x) is a measure of sharpness of peak of the frequency distribution curve:
The (in)homogeneity H(x) is a measure of the differences of voxel intensities of neighboured voxels:
Nd(i,j) is the intensity difference of a voxel i to its neighbours j.
Note that all texture parameters were calculated independently for all areas, i.e. for each area µ=0 and =1 is not valid (in contrast to µ=0 and =1 for the whole CC).
CC segmentation and planimetry by Atlas-Based Volumetry (ABV)
As a reference analysis for segmentation and planimetry of the CC, standardized Atlas-Based Volumetry (ABV) (Huppertz et al., 2010) that the area sizes were determined for the midsagittal CC plane and its segments in native space.
Statistical comparison at the group level
Since the subject groups were large enough to show a Gaussian distribution of parameters, Student's ttest was used for comparison at the group levela non-parametric Mann-Whitney-U-test revealed similar results. To investigate associations between different parameters, scatter plots were used and Pearson correlation coefficient was calculated for the areas sizes and for the texture parameters of the different areas I -V. All statistical tests were performed at a unified significance level of α=0.01 (2tailed), p-values were considered as significant (< 0.01) or highly significant (< 0.001). Due to the exploratory nature of the trial, all outcomes of statistical tests must be interpreted as hypotheses generating.
Results
Reproducibility of the results from two independent scans of the same subject
Twenty-one healthy controls obtained a follow-up T1w scan which was used to test the analysis results for reproducibility. In summary, absolute averaged differences between the two scans, arithmetically averaged for the areas I -V, were 1.6% for area size (values were calculated as portion of the total midsagittal CC area size), 1.0% for entropy, 1.7% for homogeneity, 4.2% for kurtosis, and 3.5% for skewness. Details of the reproducibility analysis are summarized in Supplementary Table 1 .
Atrophy of CC area III in patients with PLS in comparison with ALS and controls
Planimetry results for the global CC showed no significant size alterations between the subject groups (PLS, ALS, and controls - Supplementary Figure 2) . Planimetry results for the different CC areas in 67 patients with PLS, 85 patients with ALS, and 82 healthy controls at the group level are summarized in Supplementary Figure 3 . A significant reduction in size (p < 0.01, corrected for multiple comparisons) in PLS patients vs controls and in PLS patients vs ALS patients was observed for area III, while no significant differences for PLS patients vs controls and for PLS patients vs ALS patients were observed in the other areas I, II, IV, V (Figure 2, left) . The deviation of about 8% (atrophy of area III in PLS patients compared to healthy controls and to ALS patients, respectively) is markedly larger than the deviation calculated from the reproducibility scans (see section 3.1.). These results could be confirmed by the ABV analysis which also demonstrated a significant reduction in area size for area III (p < 0.01, corrected for multiple comparisons), while no significant differences between PLS patients and controls and for PLS patients vs ALS patients were observed in the other areas I, II, IV, V (Figure   2 , right). Correlation analysis of two different methodological approaches, i.e., TIFT results (area sizes in % of total midsagittal CC area size) and ABV results revealed a high significance of p < 0.001 for all areas.
In the PLS patients, a correlation (p = 0.02) was observed for ALS-FRS-R with area size of area III (in percent of total midsagittal CC area size); no association was found for disease duration. For PLS and ALS patients together, a correlation (p = 0.03) was found for ALS-FRS-R to area size of area III; area size of area III was highly significant correlated to disease duration (p < 0.001).
Alterations of texture of the CC in patients with PLS in comparison with ALS and controls
Texture analysis for the global CC showed no significant alteration between the subject groups (PLS, Figure 2) . The texture parameters for 67 patients with PLS, 85 patients with ALS, and 82 healthy controls at the group level are summarized in Supplementary Figure   3 . PLS patients and ALS patients showed highly significantly increased entropy in the texture of CC area II (p < 0.001) and area III (p < 0.001) compared to controls, while areas I, IV, and V show no significant differences (Figure 3 left panel) . PLS patients and ALS patients demonstrated increased inhomogeneity in CC area I (p < 0.001), area II (p < 0.001), and area III (p < 0.001) compared to agematched controls, while areas IV and V showed no significant differences (Figure 3 right panel) .
ALS, and controls -Supplementary
Correlations for PLS patients were observed between texture parameters (entropy p = 0.01; homogeneity p = 0.02) of CC area III and ALS-FRS-R; for the whole group of PLS and ALS patients together, significant correlations were found for entropy in the texture of CC area III and ALS-FRS-R (p < 0.01) and homogeneity and ALS-FRS-R (p < 0.01). No association was found for disease duration.
No significant differences between PLS patients and controls and between ALS patients and controls
were found for the texture parameters skewness and kurtosis. The texture parameters are independent from the number of analyzed voxels, i.e., the area III atrophy was not associated with texture parameters.
Receiver operating characteristics (ROC) curves of texture parameters
Despite significant differences, there was an overlap between control and patient groups both in CC atrophy and also in CC texture parameters of area III. Since an objective of this study was to provide an insight into texture and its performance as a diagnostic biomarker, classification accuracy was estimated by use of ROC curves which were calculated for PLS patients vs controls for area III atrophy (area under curve (AUC) = 0.72 ("fair")), entropy (AUC = 0.82 ("good")), and homogeneity (AUC = 0.84 ("good")) ( Figure 4A) . Optimum separation thresholds of area III revealed a sensitivity of 61% and a specificity of 78% for area III atrophy (threshold 10.8%), a sensitivity of 79% and a specificity of 66% for entropy (threshold 1.25), and a sensitivity of 73% and a specificity of 84% for homogeneity (threshold 0.60) (Figure 4B) .
Correlation of texture parameters to DTI analysis
Microstructure analysis of the CC was assessed by fractional anisotropy (FA) mapping of DTI scans.
Correlation analysis of microstructure (FA) and the texture parameters entropy and homogeneity could be performed for 40 PLS patients. Figure 5 shows the correlation of ROI-based FA values in CC area III (size 16 mm; centre MNI 0/-18/27). No correlation was found for atrophy of area III and FA values, a trend of decreased entropy with increasing FA values could be observed. A correlation (r=-0.35, p=0.03) was detected for the texture parameter homogeneity and FA values in area III.
Discussion
First, this systematic unbiased MRI study demonstrated the generally accepted "neuroimaging textbook knowledge" (Osborn et al., 2016) that PLS patients often show atrophy in the area III of the corpus callosum. The unbiased automated planimetry could demonstrate, beyond visual assessment, that the PLS group exhibited a highly significant reduction of the callosal area III, as confirmed by two independent techniques (TIFT implementation and ABV, respectively). However, although highly significant at group level, a full separation of the groups could not be achieved so that atrophy of the area III of the CC does not seem to be a consistent finding in all PLS patients. In addition, the size of the CC area III was even more variable in ALS so that group results were not significant. Thus, atrophy of the area III of the CC can be regarded as a feature in PLS (although not observed in each and every patient), whereasalthough its texture is significantly altered -the variability in size in ALS does not allow to consider it a marker at group level and has to be investigated in a future study with higher numbers of participants with ALS. As a consequence, the use as a diagnostic marker in a clinical setting which requires the identification of pathology at an individual patient´s level cannot be provided.
Furthermore, the results expand the knowledge of CC alterations in association with MND. Beyond regional atrophy, loss of fiber integrity as indicated by FA reduction in areas II and III has already been shown in a DTI-based study in ALS patients (e.g. Chapman et al., 2014 ). Beyond regional atrophy, loss of fiber integrity as indicated by FA reduction in areas II and III has already been shown in a DTI-based study in ALS patients (e.g. Chapman et al., 2014) . Three-dimensional texture maps from T1w images have been shown to correlate with the DTI metrics within the CST (Ishaque et al., 2019) , in accordance with the findings of the current study that FA values correlate with texture measures. Thus, one may conclude that texture changes may be related to white matter microstructural abnormalities. This loss might hypothetically also result in a more inhomogeneous distribution of grey levels in T1w scans. As a consequence, the entropy and the (in)homogeneity have also been analyzed in the current study.
Texture analysis has already been applied to Alzheimer`s disease (Maani et al., 2015) and to a group of 19 ALS patients (Maani et al., 2016) . In the latter study, the CC was not reported to show a significantly different texture in ALS compared to controls. However, the difference to the current study might result from the different texture parameters studied or the different number of subjects in these two studies;
further investigations are required to resolve these discrepancies. The entropy in a sample increases when grey values in a sample distribution show a more inhomogeneous pattern, while the inhomogeneity rises when grey level differences between neighboring voxels increase. Average intensity and variance were not considered for the CC subareas given that the global CC values were znormalized. The additional parameters kurtosis and skewness, however, were candidates for detecting increased inhomogeneity, but the results showed no significant difference between the PLS patient group and the control group. Finally, differences in texture could be detected by increased entropy in areas II and III and by increased (in)homogeneity in areas I, II, and IIIthe texture alterations in areas II and III at the group level were in agreement with fractional anisotropy reductions (loss of fiber integrity), as reported previously (Chapman et al., 2014) . Texture analysis of the CC may provide further evidence for a consistent involvement of the CC across patients with PLS; moreover, in addition to DTI-based analysis, an association between texture and FA in area III could be shown. While CC involvement might relate to interhemispheric spread, it might equally reflect secondary damage due to independent bilateral cortical processes.
The study was not without limitations. The design was cross-sectional, and thus results will have to be re-evaluated in a longitudinal design in future studies. In addition, clinical evidence of central CC involvement such as the observation of mirror movements in patients, reflecting impaired interhemispheric inhibition (Karandreas et al., 2007) were not assessed, neither were the MRI data combined with electrophysiological evidence for altered callosal function by transcranial magnetic stimulation (Wittstock et al., 2007) .
In summary, the current MRI data demonstrate PLS-associated morphometric changes in the central nervous system in vivo, but they do not provide the clinician with one imaging marker that contributes to an accurate clinical diagnosis with sufficient sensitivity and specificity or discriminative power.
However, given the significant difference in CC topography with respect to size of area III together with entropy and homogeneity changes, the (unbiased) recognition of CC area III alterations might help to develop neuroimaging criteria in support of the diagnosis MND in general or PLS in particular. Such an MRI-based diagnostic classification has to await future confirmation, but might be composed by a combination of multiparametric imaging metrics with different measures of planimetric (or volumetric) changes, changes in microstructure, and other alterations in MND-associated patterns. For ALS, potential algorithms have been proposed recently (Ferraro et al., 2017; Bede et al., 2017) . Based on such a multiparametric protocol which is still to be developed but might include CC planimetry as a candidate, a composite score from different MRI-based approaches might be defined in the diagnostic pathway to MND. With this aim in mind, the current study addressed PLS as the ALS variant with prominent UMN involvement for the analysis of the CC, but future studies will expand such MRI-based CC substructure analyses to ´classical´ ALS in order to assess their value as a biological marker for the neuroimaging signature of MND.
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